The cross sections for the M1-capture n + p → D + γ, the photo-magnetic and anti-neutrino disintegration of the deuteron are evaluated in the relativistic field theory model of the deuteron (RFMD). The cross section for M1-capture is evaluated by taking into account the contributions of chiral one-meson loop corrections and the ∆(1232) resonance. The cross sections for the photo-magnetic and anti-neutrino disintegration of the deuteron are evaluated by accounting for finalstate interaction of the nucleon pair in the 1 S 0 -state. The amplitudes of low-energy elastic np and nn scattering contributing to these processes are obtained in terms of the S-wave scattering lengths and the effective ranges. This relaxes substantially the statement by Bahcall and Kamionkowski (Nucl. Phys. A625 (1997) 893) that the RFMD is unable to describe a non-zero effective range for low-energy elastic nucleon-nucleon scattering. The cross sections for the anti-neutrino disintegration of the deuteron averaged over the anti-neutrino energy spectrum agree good with experimental data.
Introduction
As we have shown in Ref. [1] the relativistic field theory model of the deuteron (RFMD) [2] [3] [4] [5] [6] is motivated by QCD. The deuteron appears as a neutron-proton collective excitation -a Cooper np-pair induced by a phenomenological local four-nucleon interaction in the nuclear phase of QCD. Strong low-energy interactions of the deuteron coupled to itself and other particles are described in terms of one-nucleon loop exchanges. The onenucleon loop exchanges allow to transfer nuclear flavours from an initial to a final nuclear state by a minimal way and to take into account contributions of nucleon-loop anomalies determined completely by one-nucleon loop diagrams. The dominance of contributions of nucleon-loop anomalies has been justified in the large N C expansion, where N C is the number of quark colours [1] 1 . In this paper we apply the RFMD to the evaluation of the cross sections for the radiative M1-capture n + p → D + γ for thermal neutrons caused by the 1 S 0 → 3 S 1 transition, the photo-magnetic γ + D → n + p and anti-neutrino disintegration of the deuteron caused by chargedν e + D → e + + n + n and neutralν e + D →ν e + n + p weak currents. We would like to emphasize that the main goal of the paper is to show that: 1) Chiral perturbation theory can be incorporated in the RFMD, and 2) the amplitudes of low-energy elastic nucleon-nucleon scattering contributing to the reactions of the photomagnetic and anti-neutrino disintegration of the deuteron can be described in the RFMD in agreement with low-energy nuclear phenomenology.
As has been found in Refs. [4] [5] [6] the cross section for the M1-capture calculated in the RFMD in the tree-meson approximation σ np = 276 mb differs from the experimental data σ np exp = (334.2 ± 0.5) mb [7] by about 17% of the experimental value. However, as has been shown in Refs. [8] contributions of chiral meson-loop corrections play an important role for the correct description of the process n + p → D + γ. The evaluation of these corrections demands the use of Chiral perturbation theory.
For the evaluation of chiral one-meson loop corrections in the RFMD we use Chiral perturbation theory at the quark level (CHPT) q with a linear realization of chiral U(3) × U(3) symmetry developed in Refs. [9, 10] . The main chiral one-meson loop corrections are induced by following virtual meson transitions π → a 1 γ, a 1 → π γ, π → (ω, ρ)γ, (ω, ρ) → πγ, σ → (ω, ρ)γ and (ω, ρ) → σγ, where σ is a scalar partner of pions under chiral SU(2) × SU(2) symmetry [9, 10] .
However, as has been stated by Riska and Brown [11] (see also [17] ) for correct description of the amplitude of the neutron-proton radiative capture one needs to take into account the contribution of the ∆(1232) resonance. In the RFMD the contribution of the ∆(1232) resonance has been considered in Ref. [12] by example of the evaluation of the S-wave scattering length of low-energy elastic πD scattering.
At threshold the amplitude of the photo-magnetic disintegration of the deuteron is related to the amplitude of the M1-capture. In order to evaluate the amplitude of γ + D → n + p for the energy region far from threshold we take into account the contributions of the np interaction in the final state. For this aim we sum up an infinite series of one-nucleon loop diagrams and evaluate the result of the summation in leading order in the large N C expansion [1] . This gives the amplitude of low-energy elastic np scattering contributing to the amplitude of γ + D → n + p defined by the S-wave scattering length and the effective range.
The developed technique we apply to the evaluation of the cross section for the antineutrino disintegration of the deuteronν e + D → e + + n + n andν e + D →ν e + n + p. The reactionν e + D → e + + n + n is caused by charged weak current and valued, in the sense of charge independence of weak interaction strength, to be equivalent to the observation of the reaction of the solar proton burning, or pp fusion, p + p → D + e + + ν e in the terrestrial laboratories [13] . We compare the theoretical cross sections with recent experimental data given by the Reines's experimental group [14] .
For the description of low-energy transitions N + N → N + N in the reactions n + p → D + γ, γ + D → n + p,ν e + D → e + + n + n,ν e + D →ν e + n + p and p + p → D + e + + ν e , where nucleons are in the 1 S 0 -state, we apply the effective local four-nucleon interactions [2] [3] [4] [5] :
where n(x) and p(x) are the operators of the neutron and the proton interpolating fields, n c (x) = Cn T (x) and so on, then C is a charge conjugation matrix and T is a transposition. The effective coupling constant G πNN is defined by [3] [4] [5] 
where g πNN = 13.4 is the coupling constant of the πNN interaction, M π = 135 MeV is the pion mass, M p = M n = M N = 940 MeV is the mass of the proton and the neutron neglecting the electromagnetic mass difference, which is taken into account only for the calculation of the phase volumes of the final states of the reactionsν e + D → e + + n + n,ν e + D →ν e + n + p and p + p → D + e + + ν e , and a np = (−23.75 ± 0.01) fm is the S-wave scattering length of np scattering in the 1 S 0 -state. The first term in the effective coupling constant G πNN comes from the one-pion exchange for the squared momenta transfer −q 2 much less than the squared pion mass −q 2 ≪ M 2 π and the subsequent Fierz transformation of nucleon fields (see Appendix B of Ref. [6] ). We should emphasize that due to Fierz transformation the effective local fournucleon interaction caused by the one-pion exchange contains a few contributions with different spinorial structure, we have taken into account only those terms which contribute to the 1 S 0 -state of the NN system. The second term in Eq.(1.2) is a phenomenological one representing a collective contribution caused by the integration over heavy meson degrees of freedom [5, 6] . This term is taken in the form used in the Effective Field Theory (EFT) approach [15, 16] for the description of low-energy elastic NN scattering. The effective interaction Eq. (1.1) is written in isotopically invariant form, and the coupling constant G πNN can be never equal to zero at a np = 0 due to a negative value of a np imposed by nuclear forces, a np < 0 [17] . Note that the contribution of the phenomenological part to the effective coupling constant G πNN makes up less than 33%.
In the low-energy limit the effective local four-nucleon interaction Eq. (1.1) vanishes due to the reduction 3) where N(x) is the neutron or the proton interpolating field. Such a vanishing of the one-pion exchange contribution to the NN potential is well-known in the EFT approach [15, 16] and the potential model approach (PMA) [17] . In power counting [15, 16] the interaction induced by the one-pion exchange is of order O(k 2 ), where k is a relative momentum of the NN system. The former is due the Dirac matrix γ 5 which leads to the interaction between small components of Dirac bispinors of nucleon wave functions.
In the one-nucleon loop exchange approach the contributions of the interactions
] to amplitudes of nuclear processes are different and do not cancel each other in the low-energy limit due to the dominance of nucleon-loop anomalies [1] . This provides the interaction between large components of Dirac bispinors of nucleon wave functions.
The paper is organized as follows. In Sect. 2 we evaluate the contribution of chiral one-meson loop corrections to the amplitude of the neutron-proton radiative capture and the cross section for the neutron-proton radiative capture. In Sect. 3 we include the contribution of the ∆(1232) resonance and analyse the total cross section for the neutron-proton radiative capture for thermal neutrons and compare it with experimental data. In Sect. 4 we evaluate the cross section for γ + D → n + p for energies far from threshold. The contribution of low-energy elastic np scattering to the amplitude of the process γ + D → n + p is evaluated in agreement with low-energy nuclear phenomenology. This relaxes substantially the statement by Bahcall and Kamionkowski [18] that in the RFMD due to the local four-nucleon interaction Eq.(1.1) one cannot describe low-energy elastic NN scattering in agreement with low-energy nuclear phenomenology. However, the problem of the description of low-energy elastic pp scattering accounting for the Coulomb repulsion still remains. In Sects. 5 and 6 we evaluate the cross sections for the anti-neutrino disintegration of the deuteron caused by chargedν e + D → e + + n + n and neutralν e + D →ν e + n + p weak currents and average them over the anti-neutrino energy spectrum. The average values of the cross sections agree good with experimental data. In the Conclusion we discuss the obtained results.
Neutron-proton radiative capture
At low energies the neutron-proton radiative capture n + p → D + γ runs through the magnetic dipole transition 1 S 0 → 3 S 1 , the M1-capture. In the RFMD the amplitude of the M1-capture calculated in the tree-meson approximation reads [3] [4] [5] [6] 
where e is the proton electric charge, µ p = 2.793 and µ n = −1.913 are the magnetic dipole moments of the proton and the neutron, respectively, measured in nuclear magnetons, g V is a phenomenological coupling constant of the RFMD related to the electric quadrupole moment of the deuteron Q D = 0.286 fm
N ; q and k D are 3-momenta of the photon and the deuteron, and e * ( q ) and e * ( k D ) -the polarization vectors of them; u c (p 2 ) and u(p 1 ) are the Dirac bispinors of the neutron and the proton.
The cross section for the M1-capture calculated in the tree-meson approximation is then defined [3] [4] [5] [6] :
where k is a relative momentum of the np system. The numerical value has been computed for k = 0, ǫ D = 2.225 MeV and v = 7.34 × 10 −6 (the absolute value v = 2.2 × 10 5 cm s −1 ), the laboratory velocity of the neutron. The theoretical value σ np (k) = 276 mb agrees within an accuracy better than 10% with the theoretical value [17] 
calculated in the PMA for the pure M1 transition. In comparison with the experimental data [7] σ np exp = (334.2 ± 0.5) mb (2.4) the theoretical value Eq.(2.2) obtained in the RFMD is less by 17% of the experimental one. However, as has been shown in Refs. [8] chiral meson-loop corrections play an important role for the correct description of the low-energy process n + p → D + γ for thermal neutrons. The evaluation of chiral meson-loop corrections in the RFMD we use (CHPT) q developed in Refs. [9, 10] . Below we consider the contributions of chiral one-meson loop corrections induced by the virtual meson transitions π → a 1 γ, a 1 → π γ, π → (ω, ρ)γ, (ω, ρ) → πγ, σ → (ω, ρ)γ and (ω, ρ) → σγ, where σ is a scalar partner of pions under chiral SU(2) × SU(2) transformations in (CHPT) q with a linear realization of chiral U(3) × U(3) symmetry [9, 10] .
The effective Lagrangians δL ppγ eff (x) and δL nnγ eff (x), caused by the virtual meson tran-
we evaluate in leading order in the large N C expansion [1] . The results of the evaluation contain divergent contributions. In order to remove these divergences we apply the renormalization procedure developed in (CHPT) q for the evaluation of chiral meson-loop corrections (see Ivanov in Refs. [9] ). Since the renormalized expressions should vanish in the chiral limit M π → 0 [9] , only the virtual meson transitions with intermediate π-meson give non-trivial contributions. The contributions of the virtual meson transitions with intermediate σ-meson are found finite in the chiral limit and subtracted according to the renormalization procedure [9] . Such a cancellation of the σ-meson contributions in the one-meson loop approximation agrees with Chiral perturbation theory using a nonlinear realization of chiral symmetry, where σ-meson like exchanges can appear only in two-meson loop approximation. Then, the sum of the contributions of the virtual meson transitions π − → ρ − γ, π 0 → ρ 0 γ and π 0 → ωγ to the effective coupling nnγ is equal to zero. As a result the effective Lagrangians δL ppγ eff (x) and δL nnγ eff (x) are given by
where
is the electromagnetic field strength, α ρ = g 2 ρ /4π = 2.91 is the effective coupling constant of the ρ → ππ decay, F π = 92.4 MeV is the leptonic coupling constant of pions, and g A = 1.267 [19] . Then, J πa 1 N andJ πVN are the momentum integrals determined by
where p is Euclidean 4-momentum,
At N C = 3 the cross section for the M1-capture accounting for the contribution of the effective interaction Eq.(2.5) amounts to
where we have used the relation g πNN ≃ g A M N /F π . The theoretical value of the cross section for the neutron-proton radiative capture given by Eq.(2.7) differs from the experimental one by about 14%. This discrepancy we describe by taking into account the contribution of the ∆(1232) resonance.
∆(1232) resonance
In our consideration the ∆(1232) resonance is the Rarita-Schwinger field [20] ∆ a µ (x), the isotopical index a runs over a = 1, 2, 3, having the following free Lagrangian [21, 22] :
where M ∆ = 1232 MeV is the mass of the ∆ resonance field ∆ a µ (x). In terms of the eigenstates of the electric charge operator the fields ∆ a µ (x) are given by [12, 21, 22 ]
The fields ∆ a µ (x) obey the subsidiary constraints: [20] [21] [22] . The Green function of the free ∆-field is determined
In the momentum representation S µν (x) reads [12, 21, 22] :
The most general form of the πN∆-interaction compatible with the requirements of chiral symmetry reads [21] :
The nucleon field N(x) is the isotopical doublet with the components N(x) = (p(x), n(x)), and π a (x) is the pion field with the components π
where the parameter Z is arbitrary. There is no consensus on the exact value of Z. From theoretical point of view Z = 1/2 is preferred [21] . Phenomenological studies give only the bound |Z| ≤ 1/2 [23] . The empirical value of the coupling constant g πN∆ relative to the coupling constant g πNN is g πN∆ = 2.12 g πNN [24] .
Assuming that the transition ∆ → N + γ is primarily a magnetic one the effective Lagrangian describing the ∆ → N + γ decays can be determined as [25, 26] :
is the operator of the photon field. The empirical value of the coupling constant g γN∆ relative to the coupling constant g πNN is g γN∆ = 0.32 g πNN [27] .
For the calculation of the amplitude of the neutron-proton radiative capture in the RFMD we have to calculate the effective Lagrangian describing the n + p → ∆ + N transitions. Following the general procedure expounded in Ref. [3] we obtain:
Using then the phenomenological Lagrangian
the effective Lagrangian describing the contribution of the ∆ resonance to the amplitude of the transition n + p → D + γ is defined [5] 
In the momentum representation of the baryon Green functions the effective Lagrangian Eq.(3.10) reads
The effective Lagrangian Eq.(3.11) defines the contribution of the ∆ resonance to the amplitude of the neutron-proton radiative capture. The amplitude of the neutron-proton radiative capture caused by the contribution of the ∆(1232) resonance exchange we define by a usual way [5] : 
The matrix elements between the initial and the final states are given by [5] :
Substituting Eq.(3.14) in Eq.(3.13) and integrating over z we obtain
(3.15)
Integrating over x 1 , x 2 , x 3 , k 2 and k 3 we obtain in the r.h.s. of Eq.(3.15) the δ-function describing the 4-momentum conservation. The, the amplitude M(n + p → ∆N → D + γ) becomes equal
For the subsequent calculation it is convenient to introduce the structure functions (k D , k) are defined by the momentum integrals
Now the problem of the calculation of the contribution of the ∆(1232) resonance to the amplitude of the neutron-proton radiative capture is reduced to the problem of the evaluation of the structure functions. In the leading order in large N C expansion [1] we obtain
We have neglected the mass difference between the masses of the ∆(1232) resonance and the nucleon. The amplitude of the neutron-proton radiative capture caused by the ∆(1232) resonance contribution is equal to
The total amplitude of the neutron-proton radiative capture for thermal neutrons reads
The total cross section for the neutron-proton radiative capture is then defined by
The numerical value of the cross section amounts to
Thus, the discrepancy of the theoretical cross section and the experimental value σ np exp = (334.2 ± 0.5) mb can by described by the contribution of the ∆(1232) resonance. In order to fit the experimental value of the cross section we should take Z equal to Z = 0.438. This agrees with the experimental bound |Z| ≤ 1/2 [23] .
Photo-magnetic disintegration of the deuteron
The amplitude of the photo-magnetic disintegration of the deuteron γ + D → n + p evaluated near threshold is related to the amplitude of the neutron-proton radiative capture n + p → D + γ and reads
The cross section defined by the amplitude Eq.(4.1) is then given by
2)
is the relative momentum of the np system, ω is the energy of the photon and
.315 fm is the radius of the deuteron, and σ 0 is equal to The cross section σ γD (ω) calculated in the PMA near threshold has the same form as Eq. (4.2) but with σ 0 amounting to [17] 
It is seen that numerical values of σ 0 defined by Eq. (4.3) and Eq. (4.4) are in good agreement. We should emphasize that the cross section Eq.(4.4) does not contain corrections mentioned by Riska and Brown [11] (see also [17] ) increasing its value. In order to obtain the cross section for the process γ + D → n + p far from threshold we take into account the np interaction in the final state. This can be carried out by summing up an infinite series of one-nucleon loop diagrams. In this case the amplitude of γ + D → n + p reads
where A th is the amplitude calculated near threshold,
is the 4-momentum of the np system in the center of mass frame. Then, Q = a P + b K = a (p 1 +p 2 )+b (p 1 −p 2 ) is an arbitrary shift of virtual momentum with arbitrary parameters a and b, and in the center of mass frame K = p 1 −p 2 = (0, 2 k ). The explicit dependence of the momentum integral on Q can be evaluated by means of the Gertsein-Jackiw procedure [28] and is given by [1] [2] [3] [4] [5] [6] :
For the evaluation of the momentum integral over p we would keep only the leading order contributions in the large N C expansion [1] . This yields
The amplitude Eq.(4.5) we obtain in the form
Here we have denoted
where r np = 2.75 ± 0.05 fm is the effective range of low-energy elastic np scattering.
Renormalizing the wave functions of nucleons
we arrive at the amplitude of the photo-magnetic disintegration of the deuteron r np a np k 2 +i a np k) describes the contribution of low-energy elastic np scattering in agreement with low-energy nuclear phenomenology [17] . The amplitude Eq.(4.10) yields the cross section
At zero effective range r np = 0 the cross section Eq.(4.11) reduces to the form
(4.12)
In the PMA [17] , in turn, at zero effective range the cross section σ γD (ω) has been found in the form 2 . This factor as well as the dependence on the S-wave scattering length and the effective range [17] appears by virtue of the integral of the overlap of the wave functions of the deuteron ψ D (r) and the relative movement of the np-system in the 1 S 0 -state ψ np (kr). In order to introduce in the RFMD the wave functions of the deuteron and the relative movement of the np-pair we can follow Bohr and Mottelson [29] and: (1) (2) in the final nuclear state < n(p 2 )p(p 1 )| =< 0|a n ( p 2 , σ 2 ) a p ( p 1 , σ 1 ) replace the product of the operators of annihilation of the neutron and the proton by the operator of annihilation of the np-pair in the
and S = 0 is a total spin. In the form adjusted to our problem these changes read 14) where
The spinorial parts of the wave functions of the deuteron and the np-pair are given in terms of the Dirac bispinors in the relativistically covariant form. The operators Eq.(4.14) can be involved into evaluation of low-energy nuclear matrix elements through the reduction technique [30] .
However, such a modification complicates the model substantially and goes beyond the scope of this paper. Therefore, referring to the possibility to describing the factor 1/(1 + r 2 D k 2 ) 2 correctly in the RFMD the problem of this factor can be preferably solved phenomenologically. In fact, since this factor is universal for all processes of the deuteron coupled to the NN system in the 1 S 0 -state at low energies, we suggest to multiply by a factor 1/(1 + r 2 D k
2 ) any amplitude of low-energy nuclear process of this kind obtained near threshold, i.e. defined by the corresponding effective Lagrangian evaluated through one-nucleon loop exchanges in leading order in the large N C expansion [1] . This implies the change
In other words, we introduce an universal form factor
describing a spatial smearing of the deuteron coupled to the NN system in the 1 S 0 -state at low energies.
As a result the amplitude of the photo-magnetic disintegration of the deuteron obtained in the RFMD is equal to
The cross section for the photo-magnetic disintegration of the deuteron evaluated in the RFMD reads
where σ 0 is given by Eq.(4.2).
5 Anti-neutrino disintegration of the deuteron via charged weak current interaction
The effective Lagrangian describing the low-energy nuclear transitionν e + D → e + + n + n has been calculated in [5, 6] through one-nucleon loop exchanges and in leading order in the large N C expansion [1] :
MeV −2 and ϑ C are the Fermi weak coupling constant and the Cabibbo angle cos ϑ C = 0.975 and g A = 1.267;ψ νe (x) and ψ e (x) are the interpolating neutrino (anti-neutrino) and electron (positron) fields. The amplitude ofν e + D → e + + n + n we obtain in the form
where the form factor F D (k 2 ) provides a spatial smearing of the deuteron. The factor 1/(1 − 1 2 r nn a nn k 2 + i a nn k) describes the nn interaction in the final state which has been taken into account by summing up one-nucleon loop diagrams, evaluated in leading order in the large N C expansion, and renormalizing the wave functions of the neutrons. Since we work in the isotopical limit, we set a nn = a np = −23.75 fm and r nn = r np = 2.75 fm. The recent experimental values of the S-wave scattering length and the effective range of lowenergy elastic nn scattering are equal to a nn = (−18.8 ± 0.3) fm and r nn = (2.75 ± 0.11) fm [31, 32] . The amplitude Eq. (5.2), squared, averaged over polarizations of the deuteron and summed over polarizations of the final particles, reads
In the RFMD the momentum dependence of the amplitude of the anti-neutrino disintegration of the deuteron agrees with that obtained in the PMA [33] . A much more complicated momentum dependence given in terms of the phenomenological form factors has been suggested by Mintz [34] . The cross section for the processν e + D → e + + n + n is defined by
where E D , Eν e , E 1 , E 2 and E e + are the energies of the deuteron, the anti-neutrino, the neutrons and the positron. The abbreviation (cc) denotes the charged current. The integration over the phase volume of the (nne + )-state we perform in the non-relativistic limit and in the rest frame of the deuteron 1 2 where T nn is the kinetic energy of the nn system, T e + and m e = 0.511 MeV are the kinetic energy and the mass of the positron, E th is the anti-neutrino energy threshold of the reactionν e + D → e + + n + n: E th = ε D +m e +(M n −M p ) = (2.225+0.511+1.293) MeV = 4.029 MeV. The function f (y), where y = Eν e /E th , is defined as
where we have changed the variable T nn = (Eν e − E th ) x. The function f (y) is normalized to unity at y = 1, i.e. at threshold Eν e = E th . Thus, the cross section for the anti-neutrino disintegration of the deuteron reads
where σ 0 is given by
The value σ 0 = 4.58 × 10 −43 cm 2 agrees with the value σ 0 = 4.68 × 10 −43 cm 2 obtained in the PMA [33] (see Fig. 7 of Ref. [13] ).
The experimental data on the anti-neutrino disintegration of the deuteron are given in terms of the cross section averaged over the anti-neutrino energy spectrum [14] : < σν eD cc (Eν e ) > exp = (9.83 ± 2.04) × 10 −45 cm 2 . In order to average the theoretical cross section Eq.(5.7) over the anti-neutrino spectrum we should use the spectrum given by 6 Neutrino and anti-neutrino disintegration of the deuteron via neutral weak current interaction
The amplitude of the neutrino disintegration of the deuteron caused by neutral weak current ν e + D → ν e + n + p can be evaluated by analogy with the amplitude of the reactionν e + D → e + + n + n through one-nucleon loop exchanges (see Ref. [6] ) and in leading order in the large N C expansion [1] : r np a np k 2 + i a np k) describes the np interaction in the final state.
The amplitude Eq.(6.1) squared, averaged over polarizations of the deuteron, summed over polarizations of the nucleons reads
In the rest frame of the deuteron the cross section for the process ν e + D → ν e + n + p is defined
3)
The abbreviation (nc) denotes the neutral current. The integration over the phase volume of the (npν e )-state we perform in the non-relativistic limit and in the rest frame of the deuteron,
The function Ω npνe (y), where y = Eν e /E th and E th = ε D = 2.225 MeV is threshold of the reaction, is defined as
where we have changed the variable T np = (Eν e − E th ) x and used the relation M N E th = 1/r 2 D at E th = ε D . The function Ω npνe (y) is normalized to unity at y = 1, i.e., at threshold Eν e = E th .
The cross section for the neutrino disintegration of the deuteron caused by the neutral weak current ν e + D → ν e + n + p reads
where σ 0 is defined by
In our approach the cross section for the disintegration of the deuteron by neutrinos ν e + D → ν e + n + p coincides with the cross section for the disintegration of the deuteron by anti-neutrinosν e + D →ν e + n + p, σ νeD nc (E νe ) = σν eD nc (Eν e ). Therefore, we compare our results with the experimental data on the disintegration of the deuteron by anti-neutrinos [14] . The experimental value of the cross section for the anti-neutrino disintegration of the deuteronν e + D →ν e + n + p averaged over the anti-neutrino spectrum reads [14] : < σν eD nc (Eν e ) > exp = (6.08 ± 0.77) × 10 −45 cm 2 . By using the anti-neutrino spectrum given by 
Conclusion
The main goal of the paper is to show that: 1) Chiral perturbation theory can be incorporated in the RFMD and 2) the amplitudes of low-energy elastic nucleon-nucleon scattering contributing to the reactions of the photo-magnetic and anti-neutrino disintegration of the deuteron can be described in the RFMD in agreement with low-energy nuclear phenomenology.
By example of the evaluation of the amplitude for the radiative M1-capture n + p → D + γ we have shown that Chiral perturbation theory can be incorporated into the RFMD. We have considered chiral meson-loop corrections from the virtual meson transitions π → a 1 γ, a 1 → π γ, π → (ω, ρ)γ, (ω, ρ) → πγ, σ → (ω, ρ)γ and (ω, ρ) → σγ, where σ is a scalar partner of pions under chiral SU(2) × SU(2) transformations in (CHPT) q with a linear realization of chiral U(3) × U(3) symmetry. These virtual meson transitions give contributions to the effective interactions of nucleons δL NNγ eff (x) coupled to a magnetic field
The effective magnetic moments µ
N , caused by chiral meson-loop corrections, have been evaluated in leading order in the large N C expansion [1] and renormalized according to the renormalization procedure developed in (CHPT) q for the evaluation of chiral mesonloop corrections (see Ivanov in Refs. [9] ). Since the renormalized expressions should vanish in the chiral limit M π → 0, the contributions of the virtual meson transitions with intermediate σ-meson, finite in the chiral limit, have been subtracted [9] . Such a cancellation of the σ-meson contributions in the one-meson loop approximation agrees with Chiral perturbation theory using a non-linear realization of chiral symmetry, where σ-meson like exchanges can appear only in two-meson loop approximation. The nontrivial contributions vanishing in the chiral limit have been obtained only from the virtual meson transitions with intermediate π-meson.
The numerical value of the cross section for the M1-capture accounting for the contributions of chiral one-meson loop corrections amounts to σ np (k) = 287.2 mb. This value differs from the experimental one σ np (k) exp = (334.2 ± 0.5) mb by about 14%. For the description of this discrepancy we have taken into account the contribution of the ∆(1232) resonance. The total cross section for the neutron-proton radiative capture has been found dependent on the parameter Z defining the π∆N coupling off-mass shell of the ∆(1232) resonance: σ np (k) = 287.2 (1 + 0.64 (1 − 2Z)) 2 m b Eq.(3.23). In order to fit the experimental value of the cross section we should set Z = 0.438. This agrees with the experimental bound |Z| ≤ 1/2 [23] .
When matching our result for the cross section for the M1-capture with the recent one obtained in the EFT approach by Chen, Rupak and Savage [35] : σ np (k) = (287.1 + 6.51 π L 1 ) mb (see Eq.(3.49) of Ref. [35] ), we accentuate the dependence of the cross section on the parameter π L 1 which has been fixed from the experimental data. Since the contribution of the ∆(1232) resonance has not been considered in Ref. [35] and there is no uncertainties related to the parameter Z, π L 1 is a free parameter of the approach. Unlike Ref. [35] the cross section calculated in the RFMD does not contain free parameters.
The cross section for the photo-magnetic disintegration of the deuteron γ + D → n + p has been evaluated for energies far from threshold. For this aim we have taken into account the np interaction in the final state by summing up an infinite series of one-nucleon loop diagrams which have been calculated in leading order in the large N C expansion. This has given the amplitude of low-energy elastic np scattering contributing to the amplitude of γ + D → n + p in the form agreeing with low-energy nuclear phenomenology, i.e. defined by the S-wave scattering length a np and the effective range r np . This result relaxes substantially the statement by Bahcall and Kamionkowski [18] that in the RFMD due to the effective local four-nucleon interaction Eq.(1.1) one cannot describe low-energy elastic NN scattering in agreement with low-energy nuclear phenomenology. Nevertheless, the problem of the description of low-energy elastic pp scattering accounting for the Coulomb repulsion still remains.
We have shown that the dependence of the amplitude of the photo-magnetic disintegration of the deuteron on the deuteron radius r D in the from of the factor 1/(1 + r 2 D k 2 ) can be justified in the RFMD by means of the direct inclusion of the wave functions of the deuteron and the np-pair in the 1 S 0 -state. However, such an inclusion leads to significant complexification of the model consideration of which goes beyond the scope of this paper. The problem of the factor 1/(1 + r 2 D k 2 ), universal for all low-energy processes of the deuteron coupled to the NN system in the 1 S 0 -state, can be preferably solved phenomenologically. Referring to the possibility to derive this factor in the RFMD by the way having been discussed in Sect. 3 we have suggested to multiply the amplitudes of lowenergy nuclear transitions evaluated near thresholds by a factor 1/(1 + r 2 D k 2 ). In other words, we have introduced an universal form factor F D (k 2 ) = 1/(1 + r 2 D k 2 ) describing a spatial smearing of the deuteron coupled to the NN system in the the 1 S 0 -state. This procedure has been applied to the evaluation of the cross sections for the antineutrino disintegration of the deuteron caused by chargedν e + D → e + + n + n and neutralν e + D →ν e + n + p weak currents. The theoretical cross sections averaged over the anti-neutrino spectrum < σν eD cc (Eν e ) >= 11. [14] .
The cross sections for the reactionsν e + D → e + + n + n andν e + D →ν e + n + p have been recently calculated by Butler and Chen [36] in the EFT approach. The obtained results have been written in the following general form σ = (a + b L 1,A ) × 10 −42 cm 2 (see Table I of Ref. [36] ), where a and b are the parameters which have been calculated in the approach, whereas L 1,A is a free one. Thus, unlike the cross sections given by Eqs.(5.7) and (6.6), where there are no free parameters, the cross sections for the anti-neutrino disintegration of the deuteron [36] as well as for the neutron-proton radiative capture [35] calculated in the EFT approach depend on free parameters. Due to independence of the cross sections Eqs.(5.7) and (6.6) on free parameters we can analyse and value in the RFMD not only chiral meson-loop corrections but the corrections mentioned recently by Vogel and Beacom [37] .
